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DIRECT-CONNECT TESTS OF A HYDROGEN-FUELED

SUPERSONIC COMBUSTOR (U)

By F. S. 'Billig R. C. Orth and J. A. Funk

Applied Physics Laboratory, The Johns Hopkins University

Silver Spring, Maryland

SIn_4ARY

(C) Direct-connect tests of hydrogen-fueled supersonic combustors were

made using arc-heated air at combustor inlet Mach numbers of 2.8-3.2. With

stagnation temperatures of 1730 to 3050°K (3115 to 5490°R) and stagnation

pressures near 3.1MN/m 2 (450 psia), the tests simulated flight Mach numbers

of 6.2 to 8.3 at altitudes of 18 to 37 Km (60,000 to 120,000 ft). A variety °
of combustor geometries made up of cylindrical sections, 2.4 x 10 -2 rad (1.4)-

half-angle cone frustums, and in some cases with a rearward-faclng step (sud-

den expansion) immediately behind the injector station, were tested. Flush-

wall fuel injectors were of two types: a ring of equally spaced holes normal

(1.57 tad (90o)) to the air flow, and a continuous slot at a 0.835 rad (45 °)

downstream angle.

(C) Results in a 0.51 m (20-in)-long conical combustor showed that com-

bustion efficiency (_c) is consistently higher with the discrete-hole injectors

than with the continuous slot injector. To achieve a given combustion effi-

ciency goal via autoignition, the slot injector would require much higher

flight Mach numbers (i.e., comhustor inlet temperatures); conversely, the hole-

type injector would permit lower take-over Mach numbers for a scramjet-typl-

cally Mach 4 versus Mach 8.

(C) Gas samples from the combustor exit plane showed that fuel distri-

bution is the principal factor causing poor efficiency with a slot injector -

the mixture is too rich near that wall, and far too lean near the combustor

centerline. Increasing the combustor wall temperature by coating the inside

surface of the water-cooled wall with zirconia increased _c by 3% to 8% for
the slot injector, however.

(C) In a scramjet it is important to isolate the air inlet from combus-

tor-induced pressure disturbances. Tests showed that either a constant-area

section ahead of the injector or a step immediately downstream of it would

provide the isolation. The step causes some loss in _c (e.g., 2% at a fuel-

air equivalence ratio ER of 0.5, or 6% at ER = 0.8) when compared to a step-

free configuration of similar length (0.737 vs 0.686 m (29 vs 27 in.)) re-

spectively. Combustor length has a direct effect on _c; increasing the length

from 0.686 m to 0.889 m (27 in. to 35 in.) in the step-free designs resulted

in an increase in _c of 2%-4%, whereas when the length of the step combustor

was reduced from 0.737 m to 0.381 m (29 in. to 15 in.) _c dropp ed from 89% ar
ER = 0.5 and 74% at ER = 0.8 to near 70% at all ER's tested.
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(U) In conjunction with the combustor tests a theoretical model for heat

addition in supersonic flow was developed. On the basis of comparisons of pre-

dicted pressure distributions and experimental results from these tests and
others in the cited literature it has been concluded that the pseudo-one-dimen-

sional model consisting of pre-combustlon shock followed by an exponentially

decaying pressure yields an excellent descriptive approximation of the complex

process. The theory Is unique in this general field of study in that it yields

an _ 2riori definition of the strength of the pre-combustion shock and the down-

stream pressure field and all other properties at any station in the flow.

Moreover, with the theory it is possible to test the sensitivity of measured

properties, e.g., the combustion wall-pressure distribution, to changes in _c
to establish whether a particular measurement is inherently capable of resolving

_c" From these results it has been concluded that calorimetry is the best if

not the only practical means of obtaining an accurate measure of the overall _c"
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NOMENCLATURE

2
area m

discharge coefficient

skin friction coefficient m 2 _w/PciUci s

fuel injection port diameter (Fig. 2), m

arc voltage, V

equivalence ratio = f/f
S

effective equivalence ratio = _cER

fuel-air weight ratio

stoichiometric fuel-air ratio based on standard air composition

given in Eq. (i)

gravity acceleration constant 9.804 m/s 2 (32.164 ft/sec 2)

specific enthalpy J/kg

defined in Eq. (14)

defined in Eq. (9)

lower heating value of hydrogen = ll9.SMJ/kg (51,570 Btu/ib)

arc current, A

Mach number

pressure N/m 2

partial pressure N/m 2

heat transfer per unit area j/m2s; moles of H 2 burned, Eq. (4a)

bulk heat transfer rate J/s
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defined in Eq. (9)

moles of H 2 fuel; recovery factor, Eq. (18)

fuel injection slot width (Fig. 2), m

temperature, °K

velocity m/s

moles of NO, Eq. (la)

moles of monatomic oxygen, Eq. (la)

weight flow rate kg/s

moles of NO 2 that form N204 in gas sampling bottle, Eq. (Ic)

conical combustor half-angle (Fig. Ii) rad

fuel injection angle (Figs. 2, II) rad

ratio of specific heats

Crocco pressure-area exponent

combustion efficiency

defined by Eq. (2)

density kg/m 3

shear stress N/m 2

Subscripts:
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air, conditions ahead of fuel injector (Fig. Ii)

downstream section of control volume (Fig. II)

end of separation zone (Fig. ii)

combustor exit

combustor inlet

calorimeter quench water

fuel

free stream flight conditions

recovery condition

conditions downstream of combustor shock (Fig. ii)

total conditions

combustor wall
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DIRECT-CONNECT TESTS OF A HYDROCEN-FUELED

SUPERSONIC COMBUSTOR (U)

F. S. Billig, R. C. Orth, J. A. Funk

INTRODUCTION

(U) During the past seven years a research program has been under way

at the Applied Physics Laboratory to determine the expected performance of

the combustor and nozzle for hypersonic ramjets with supersonic combustion of

hydrogen in the flight Mach number range from 5 to at least i0. The injec-

tion and combustion characteristics of gaseous hydrogen have been investigated

in dlrect-connect testing apparatus using various injector and combustor geo-

metries. Experimental results and data analysis techniques from the early

tests at a combustor inlet Mach number Mci of 2.8, using arc-heated air, were

described in Ref. I. Studies of the ignition of hydrogen in the presence of

a platinum catalyst in a Mach 1.62 free-Jet and in an Mci = 1.98, dlrect-con-

nect combustor are reported in Ref. 2. This report presents the results from

the more recent tests at Mcl = 2.8-3.2 and describes the continually improving

instrumentation and data analysis techniques. Some of the same apparatus has

been used to study the combustion characteristics of reactive liquid fuels in

programs sponsored by the Ordnance Systems Command of the United States Navy

and for the United States Air Force Aero Propulsion Laboratory (Refs. 3-4).

Similar work in direct-connect testing of supersonic combustors has been done

at other laboratories (Refs. 5-11) but in distinct contrast to the test de-

scribed herein, combustion efficlencles were not obtained directly.

(U) Tables and figures which summarize the results from all of the tests

together with particular basic data plots pertinent to the discussion are in-

cluded in the main body of the text. The remaining basic data plots, viz.

longitudinal wall static pressure distributions and radial distributions of

pitot pressure and gas composition in the combustor exit plane are included

in the Appendix without further discussion.

EXPERIMENTAL APPARATUS

(U) The experimental apparatus used in these tests is schematically

illustrated in Fig. I. Metered cold air, heated in a dlrect-current arc to

approximately 2780-3060°K (5000-5500°R) is discharged into a mixing chamber.

Cold secondary air is added to obtain the desired total temperature, which

varied from 1470 to 3030°K (2650 to 5460°R) in these tests. The total pres-

sure is typically 2.75-3.31MN/m 2 (400-480 psla), and the air weight flow is

approximately 1.45 kg/s (3.2 Ib/sec). T_tal pressure in the mixing chamber

was measured directly and total temperature was deduced from the metered air-

flow rates, the measured total pressure and the effective cross-sectional area

of the throat of the supersonic nozzle using a suitable continuity relation-

ship (Ref. 12). The effective area of the nozzle was obtained from calibra-

tions with unheated air (CD _ 0.95) and the continuity relationship



= f (_a/PtCDA*))wasobtained from calculations of isentropic-pseudo-(Tt

equilibrium expansions. Pseudo-equilibrlum as used herein is defined as a

flow in which the concentration of NO is held constant and all other species

are present in their equilibrium concentration. The method by which the

level of NO present is determined for a given testing condition is discussed

below. Initially, tests were made using a 0.15 rad (8.5°)-half-angle conical

nozzle having a nominal exit Mach number of 2.9. More recently a Mach 3.2

contoured nozzle has been used. Typical static conditions at the combustor

inlet are Pci = 0.5 to 1.0 x 105 N/m z (0.5-1 atm), Tci = 660-1330°K (1200-

2400°R).

(U) The combustor comprises an assembly of cylindrical and/or diverging

conical sections which can be interchanged to obtain the desired injector

arrangement and combustor geometry. Gaseous hydrogen is supplied to the in-

jector from storage tanks, metered with sonic orifices and heated to 290 to

1030°K (52_°R to 1860°R) in a 9.8 m (3_-ft)-long Nickel 200 tube. The
1.27 x I0- m (0.5-in.)-i.d., 0.95 x i0- m (0.375-in.)-thick tube is resis-

tance-heated to 1370°K (2460°R) and is designed to provide up tO 0.032 kg/m z

(0.07 ib/sec) of hydrogen at 6.9MN/m 2 (I000 psia), 1280°K (2300°R) for a

duration of 20 secs. For most of the tests the duration is between 30 and 45

sec, covering I to 3 ER settings and a "cold point" (heated air but no fuel

flow). Approximately 12 seconds are allotted for each fuel setting in order

to obtain steady-state conditions in the exhaust calorimeter. An electronic

sequencer is pre-progran_ned to establish required testing conditions, set the

fuel flow rates, adjust the water flow rates to the calorimeter and regulate

the gas sampling system.

(U) The various combustor sections contain numerous surface static

pressure taps and thermocouples. All sections are water-cooled, and flow

rates and temperature rises are metered to obtain bulk heat transfer rates.

Some sections also contain 3.18 x I0 -2m (0.125-1n.)-diam. disk type local

wall surface calorimeters. Radial distributions of properties in the com-

bustor exit plane are determined from pitot and cone-static pressures and

gas samples obtained with multl-point rakes. Analysis of the gas samples pro-

vides a measure of the local fuel/alr ratio and local combustion efficiency

by the method described in the next section. In_nediately downstream of the

combustor exit, metered water is sprayed into the stream to quench the re-

action rapidly. The bulk heat release and overall combustion efficiency are

obtained by making a calorimetric balance on the exhaust gases using tempera-

ture measurements from a twelve-point thermocouple rake in the exit of the

calorimeter together with all of the wall coolant rates. Water flow to the

calorimeter was controlled to yield exit temperatures between 550 and 830°K

(I000 ° and 1500°R) and to keep the wall temperatures to 440-550°K (800°-1000°R)

to guarantee that the reactions were effectively quenched. The absolute ac-

curacy of the calorimetric method of deducing _c is checked for each run

during the period of established air flow conditions but without fuel flow

(cold point). The enthalpy of the air stream at the combustor exit deduced

from the calorimeter is compared with the enthalpy of the air at the combustor

inlet deduced from continuity and the measured heat losses to the combustor

walls. This agreement is generally within + 5%. With burning, the combustion

efficiency determination is based on the difference in total heat release be-

tween the burning point and the cold point. Thus, it is possible that by

2
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removing that portion of the error associated with the "cold point" reading

the accuracy of the _c determination is within + 5%. This appears to be

the case when data repeatability and consistancy are examined, i.e. _c deter-

minations for different runs in which conditions are closely matched, agree to

within + 1-2%.

(U) Figure 2 shows sectional views of the fuel injector rings. The dis-

crete circular hole injectors are depicted in views a and b and have total

injection areas of 4.3 x 10 -5 and 4.1 x 10-5m 2 (0.067 and 0.064 In.2), respec-

tively (cross sectional area normal to hydrogen flow axis). The circumferen-

tial slot injectors c and d have _omlnal injection areas of 5.0 x 10 -5 and
19.4 x lO-5m 2 (0.066 and 0.30 in. ) respectively. With these injectors

difficulty was experienced in maintaining dimensional stability of the slot

width when the fuel was heated. Thus, to deduce the slot area for any given

test it is necessary to solve the continuity equation using the metered fuel

weight flow, the measured total temperature and pressure and a discharge co-

efficient of 0.70. Pressure taps and midstream thermocouples are located in

each injector.

(U) Figure 3 shows schematic illustrations of the various combustor con-

figurations. The model stations in meters are referenced to the centerline of

the injector with positive values for downstream locations. Positions of the

aforementioned disk calorimeters and the ring calorimeters are indicated. The

ring calorimeters are short cylindrical sections used to obtain circumferen-

tially averaged heat fluxes in local regions of the flow. The overall combus-

tor exit/combustor inlet cross-sectlonal area ratios are: 2.64 for configura-

tion A; 2.59 for configuration B; 2.00 for configurations C, E, F, and G; and

1.93 for configuration D and 1.43 for configurations H and I. The total sur-

face areas of the combustors downstream of the Injector statio_ are: 0.133 m 2

(206 in. 2) for A; 0.263 m 2 (408 in_ ) for B; 0.163 m _ (252 in_ _) for C;

0.158 m 2 (245 in. 2) For D; 0.222 m (3442in.2) for^E; 0.175 m Z (272 in. 2) for
F; 0.200 m 2 (310 in. Z ) for G and 0.097 m (151 in. L ) for H and I.

AIR COMPOSITION AND ANALYSIS OF GAS SAMPLES

(U) The gas samples that are withdrawn from the 7 probes located in the

combustor exit plane into stainless steel bottles are analyzed by gas chroma-

tography. To reduce the data, certain assumptions for the formulation of the

species present in the bottle must be made. To develop these arguments it is

necessary to define the composition of the gas entering the combustor. Re-

ferring to Figure i, the air that passes through the nozzle isolating the arc

chamber from the mixing chamber is a mixture of gases, some of which have

passed through the arc column and some of which have not. The gases which

have passed through the arc column are highly ionized, but they are partially

cooled by the cooler air that did not pass through the arc column. The result

is a mixture that, by the time it reaches the entrance of the isolation nozzle,

probably contains only a small fraction of excited species but a significant

amount (x moles) of NO and a lesser amount (w moles) of 0. In passing through

the supersonic nozzle to the test section, the small amount of 0 combines with

some of the NO forming w moles of NO 2. In the absence of combustion, the re-

maining NO (x - w moles) would pass through the combustor relatively unaffected



becausethe residence time in the combustorwouldbe too short for the NO+
02 - NO2 reaction to take place. However,during the long stay time in the

gas samplestorage bottles the NOwould probably react with excess02 forming
NO2 and N204in equilibrium proportions.

(U) This chemistry can be presentedby the following molar equations:

20.95002 + 78.088N2 + 0.962 A -

(standard air)

+ w 0 + x NO + 120 950 _- _) -" " 2 02 (la)

(gas entering isolation nozzle for T < 3720°K (6700°R))

+ ( x - w) NO + w NO 2 + {20.950 - _2 " _2 } 02 " (lh)

(gas at test section)

+ (20.950 - x) 02 + (x - z) NO 2 + _ (N204) (ic)

(gas in sample bottle)

where

I x}= 78.088 - _ N 2 + 0.962 A (2)

(U) It will be shown later that determination of x is sufficient (with-

out having to define w) to define the combustion efficiency _c, and equivalence
ratio ER. Thus, either from a calibration run without combustion or from

samples drawn during the "cold point" of the test, x can be obtained simply

from the ratio of the partial pressures of N 2 and 02, viz:

Po2/PN2 = (20.950 - x)/(78.088 - 0.5 x)
(3)

Figure & shows the radial variation of x, which is equivalent to the 02 de-
ficiency in the sample bottle (ic), for runs made at various air total enthalpy

(h t ) levels at the mixing chamber exit. (This enthalpy is the reference point
a

used to define conditions in the supersonic combustion experiments.) The mean

values (area-weighted mean mole %) of x from these curves are cross-plotted

against h t in Fig. 5. If the chemistry represented by Eqs. la-lc is _orrect,
a

these values of x are numerically equal to the mole percentages of NO in Eq.

(la), after arc-heatlng but before the NO + 0 - NO 2 reaction takes place. It
is seen that these points do group well around the theoretical curve for chemi-

cal equilibrium entering the isolation nozzle. Figure 5 also shows curves

corresponding to chemical equilibrium at the mixing chamber entrance, the mixing

chamber exit, and the throat of the supersonic nozzle. The curve for the mixing

4 -C_-,_--_--TqAL
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chamber exit was obtained from the equilibrium composition of air at an en-

thalpy level 0.465MJ/kg (200 Btu/Ib) higher than the mixing chamber exit.

Similarly, the isolation nozzle entrance conditions are for an enthalpy level

0.74 MJ/kg (320 Btu/ib) higher than the mixing chamber exit. The enthalpy

changes are equal to the measured heat loss to the walls in the respective

sections. The lowest curve is based on the static conditions in the throat

including wall heat losses in this section, thus the lower enthalpy and NO

concentration. The close correspondence of the data points with the curve

for equilibrium conditions at the entrance to the isolation nozzle suggests

that this condition would be reasonable to use for making calculations of _c
and ER whenever measurements without combustion are not available. Moreover,

since the NO concentration is closely matched, it is reasonable to assume that

the value of w could be found from the corresponding value for the O concen-

tration at the same equilibrium conditions. Although w is not needed in the

subsequent evaluation of _c and ER, it would be required for more rigorous

kinetic calculations used to describe the combustion process.

(U) With combustion, assuming that r moles of hydrogen are added in the

combustor, the composition of the combustion products withdrawn from the

stream into sampling bottles can be represented by one of the following three

plausible formulations [using Eq. (2)]:

+ {20.95 - x2 2) 02 + (x-w) NO + w NO 2 + r H 2

5• + +
or

(4a)

(4b)

Z

-_ _ + (20.95 - x - q) 02 + (x - z - 2q) NO 2 +_ N204 + 2q }{NO3 + (r-q) H2

or

4 + + ÷-_ _ + (x-z) NO 2 +_ q (4c)

(U) The more likely formulations, (4a) and (4b), are based on the hydro-

lysis of NO and NO 2 to HNO 3 via the intermediate species HNO 2. Formulation
(4b) is for low ER, where the water formed in the combustion process is insuf-

ficient to hydrolyze the NO and NO 2 completely; (4c) assumes complete oxidation

of NO to NO 2 _ N204, with no reaction with the hydrogen-containing species. In
all cases

_c = q/r, (5)

and

ER = [2.016/28.995 (0.02917)] r/lO0 = 0.0238 r, (6)

where r and q are obtained from the partial pressures of the samples with com-

bustion; i.e., (3a-3c) yield, respectively,

_ v- _ ..... •
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-
Po2/PN2 = I20"950 4 2

Po2/PN2 = (20.950 - x - q) /178.088 - _.x)2

PO 2/PN 2 " - 2

(7a)

(7b)

(7c)

and, for all formulations,

PH2/PN2 = (r - q) / [78.088 - _)
(8)

With respect to the kinetic effects it is impossible to discriminate between

reactions that take place in the combustor and those that take place in the

deceleration and quenching of the sample. To minimize the probe effects the

probes are designed with sharp lips and a 12 to I internal area expansion.

In this way, there is no stand-off shock (Ref. 13") and the flow is aero-

dynamically expanded prior to the wall cooling to effect a rapid quench.

Local combustion efficiencies, defined above as the ratio of reacted/injec-

ted hydrogen, include both kinetic effects and mixing inefficiency. Presum-

ably, during the relatively long period that gas is flowing into the sampling

botflle, alternate slugs of reaction products and unreacted fuel are entering

the probe due to the turbulence in the flow.

(U) It should also be noted that with oxides of nitrogen present in the

combustion products the definition of _c precluded the possibility of _c = 1.00
above an ER of approximately 0.8 or 0.9. For example, for h = 2.56 MJ/kg

t
a

(Ii00 Btu/Ib) from Fig. 5, the oxygen concentration is 0.2095 - 0.032 = 0.1775,

so the maximum ER at which _c could be unity is 0.1775/0.2095 = 0.847.

(U) The samples are passed through a desiccant prior to entry into the

chromatograph to remove H20 and the aqueous solution of HNO 3. In the chroma-
tograph special procedures were taken to balance the flows precisely to obtain

the desired accuracies of + 1.0% (Ref.14). The signal from the thermal con-

ductivity cells is integrated electrically to obtain the "peak area" to obtain

the partial pressure of each species. Summing of partial pressures and com-

parison with the measured total pressure provides a check on the accuracy.

EXPERIMENTAL RESULTS

(U) Table I summarizes the testing conditions, combustor and injector

configurations and the calorimetrically determined combustion efficiencies for
all of the tests. These bulk combustion efficiencies are based on the use of

The Republic Aviation Corp. built and tested a probe patterned after the APL

design (Ref. 3). Schlieren photographs showed that the flow was attached,

with no stand-off shock.



the following equation:
-&h - "

ll_w + EHp a ta wfhtf Wdhtd

_f_Hf
(9)

_3Qw is the total heat transfer rate to all of the walls of the
apparatusbeginning with the injector and ending with the calorimeter exit

_ahta' _fhtf and Wdhtd"are the total enthalpies of the incomingair,
hydrogenandquenchwater, respectively

lb)
AHf is the lower heating value of hydrogen = ll9.8MJ/kg (51,570 Btu/

_H is that fraction of the sensible heat contained in the gas pas-

sing throughPthe calorimeter if it would be cooled from the calorimeter exit

temperature to a reference temperature of O°K but not including the latent

heats (enthalpies throushou_ the report are based on 0°K reference temperature,
e.g., for air at I x 10_N/M z (i atm) and 278°K (500°R) h _ 0.278MJ/kg (119.6

Btu/Ib)). The gas is assumed to consist of products of combustion of the hy-

drogen-"air" reaction at ERef f = ER._c , plus unreacted fuel in the amount

(i-_ c) ER, plus the quench water (steam) added in the calorimeter. The "air"

composition is given by Eq. (ib) and thus contains w moles of NO 2 and x-w
moles of NO. The value of x is obtained from the top curve of Fig. 5 for a

total enthalpy corresponding to h t for the test conditions. The value of w
a

is obtained from the equilibrium composition of air having a mole fraction of

NO equal to x and a total pressure matching Pt the test conditions; thus, a
a

higher enthalpy (i.e., _ the enthalpy at the isolation nozzle entrance). These

amounts of NO and NO 2 are treated as inert species in the chemical "equili-

brium" calculations made to determine the composition of the hydrogen-"alr"

products. In this calculation the method of Ref. 15 is used to compute the

"equilibrium" composition at conditions corresponding to the calorimeter exit

temperature and pressure. Since this temperature is controlled to 600-900°K

by adjusting the quench water, and the pressure is _;05MN/m 2 the concentration

of radicals is inconsequential. Note that the solution is iterative in that

Equation (9) is implicit in _c, and it appears that the determination of _c is
indeed rigorous. However, in practice it has been found that neglecting the

presence of the presumed "frozen" species NO and NO 2 and the unburned hydrogen

has a very small effect on the resulting _c" Therefore, in most cases the

simpler calculation is performed and a small correction (0-2%) based on a few

of the more rigorous calculations is made, if required.

(U) Tests 78 through 88 were made with the conical nozzle and were in-

tended to show the effect of air and fuel stagnation temperatures on _c for

both discrete-hole and wall-slot injectors. Static pressure traces for these

runs are difficult to interpret in the region of the injector due to compres-

sion caused by the change in flow direction and from the 0.15 tad (8.5°)-half -



angle nozzle to the 0.026 rad (l.5°)-half-angle combustor. All subsequent
runs were madewith a contourednozzle designedto operate at Mci = 3.2 and

Tt = 2500°K(4500°R). Runs89-110weremadeto determine the effects of com-
bustor wall temperatureon _c for various fuel temperaturesand different
combustorlengths with slot and discrete-hole injection. Pressuredistribu-
tions along the combustorwall andacross the combustorexit plane for these
runs verified the existence of the obllque-shock, exponentially decreasing
pressure process postulated in Ref. 16. In runs 112-127the combustorgeo-
metry, particularly in the region of the injector, wasvaried to investigate
meansof isolating the pre-combustionshock from the inlet air nozzle and
effects on combustorwall heat transfer. The accuracyof the gas-sampling
measurementsreachedan acceptable point by Run83, and the ring and disk
calorimeters were first used in Run112.

(C) Combustionefficiencles for Runs78-88are presented in Fig. 6. The
solid symbolsand curves are for the 2.3 x 10-4m(9-mil)-slot injector, and
the opensymbolsanddashedcurves are for the discrete-hole injector. The
curves are drawnthrough points having about the sameair static temperature.
Fuel static temperaturesvary from 628°Kto 701°K(l130°R to 1262°R)except
for Run82. Considering the close grouping of data from Runs82 and 83, fuel
temperaturein this range for these geometries is apparently a second-order
effect. The first-order effects are injector, geometry,ER, andair tempera-
ture. Combustionefficiency is markedlyhigher for hole injection and in-
creaseswith increasing Tci and decreasingERfor both injectors. In Fig. 7
the samedata havebeenreplotted vs Tci with boundsonERfor eachinjector.
If it is assumedthat the _c values are only weakly dependentonMci, then
these results can be correlated to various flight conditions. For this com-
parison, the simulated flight condition is basedon the tested air tempera-
ture Tci, assumingthat in a flight engine the combustorinlet Machnumberis
equal to MO/S. Thus, true simulation only occurs for Tci = 1330°K(2400°R)
andM0 = 8.7 (Mci = 2.9). With this hypothesis, the non-linear MOscale can
be constructed as shown. Basedon a minimumacceptable _c of Y0%,the opera-
ting limits for the slot injector are M0 = 6.3, Tci = 1060°K(1900°R)at ER=

0.2 and MO3 8.1, Tci- 1280°K(2300°R)at ER= 0.8. With hole injection they
are M0 = 3.5, Tci = 560°K(1000°R)at ER= 0.4 andM0 = 4.7, Tci = 860°K(1550°_
at ER= 1.0. Thus, for combustorsrelying on autolgnition, discrete-hole in-
jection could be used at considerably lower flight Machnumbers.

(C) Typical results of the gas sampling-measurementsfrom the runs with
dlscrete-hole injection are shownin Fig. 8. In this figure the NOconcen-
tration is basedon the averagevalue obtained from Figure 5 for the air total
enthalpy of 2.41MJ/kg(1035Btu/Ib).because samplesfrom the corresponding
"cold point", Run83-3 were not available. In someof the other specie dis-
tribution plots included in the Appendixthe local NOconcentration deduced
from the "cold point" measurementis used. Thesecasescan be readily dis-
tinguished since the mole fraction of NOvaries with radius as contrasted to

8
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the constant value shown in Fig. 8. The deduced radial distribution of ER

shows a maximum at about 0.0406m (1.6 inches) from the wall and very little

hydrogen on the centerllne. The shape of the ER curve is similar to that ob-

served in experiments on flat plates with no combustion (Ref. 17). Although

it is necessary to multiply ER by the radial variation of mass flux to obtain

the precise distribution of fuel and in turn the total hydrogen mass, the area-

averaged value of ER is in close agreement with the overall metered ER. Avail-

able data for the other runs in this series of tests are included in the Appen-

dix, together with the pressure distributions. The latter are not compared

with results of the shock-combustion theoretical model (Ref. 16) because of

the ambiguity that arises with the wall turning of the conical flow at the com-
bustor entrance.

(C) Runs 96-110 were made with a 0.61m (24-in.)-long conical combustor

to determine the effect on combustion efficiency of: (a) combustor wall tempera-

ture (b) fuel temperature, and (c) fuel injector design. Since gas-side heat

transfer coefficients to the combustor wall are high, and the wall temperature

on the water-cooled side cannot exceed the boiling point of water by more than

a few degrees, the hot wall temperature T is governed primarily by the gas-
w

side transfer coefficient and the wall conductance. Adjustment of the coolant

flow has very little effect on Tw. In order to produce a change in Tw, 7.62 x

10-4m (0.030 inch) of zirconium oxide and 7.62 x 10-Sm (0.003 inch) of Nichrome

bonding were added to the 1.6 x 10-3m (O.063-inch)-thick stainless steel wall.

Wall temperature increases of > 700°K could be obtained at the highest gas-

side heating rate. The gas-side heat-transfer rate increases with increasing

ERef f, is higher for discrete-hole injection than for slot injection, and in-

. varies significantly as indicated in Fig.creases with increasing Tf Thus, Tw

9 which surmnarizes the _c data for these tests. The curves are labeled "hot"

for the coated combustor and "cold" for the bare metal design. The uncoated

combustor was not run with hole injection. The air total temperature was in-

tended to be constant, but small changes in arc operation resulted in a range

of conditions from 2130°K (3840°R) (h t = 2.46MJ/kg (1059 Btu/ib)) to 2360°K
a

(4250°R)(h t = 2.76MJ/kg (1188 Btu/Ib)). This corresponds to a _ 53°K (95°R)
a

variation in Tci about the average value of 860°K (1540°R) (h t = 2.61MJ/kg
a

(1123 Btu/Ib)). The _c values for the data shown in Fig. 9 could be affected

by this variation, but having only a limited number of test points to estab-

lish the required adjustment, none was made.

(C) Figure 9 shows that with circumferential slot injection _c increases
from 3% to 8% for the hotter combustor walls. Wall temperature effects with

hole injection would probably be smaller, since the important transport pro-

cesses are taking place in a region farther from the wall. Combustion effi-

clencles for the discrete-hole injector are consistently higher than with the

slot injector and are less sensitive to changes in T_. Increasing fuel tem-

perature produces significantly higher _c with slot Injection. In other

studies (Ref. 18) it has been shevn that in the absence of combustion, increas-

ing fuel temperature enhances the mixing of parallel air and fuel streams;

Lh
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these tests suggest that the same result occurs when combustion is present.

With hole injection the effect of fuel temperature is small. There appears

to he a slight rise of 2% in _c for 440 to 500°K (800-900°R) rise in Tf, but

the differences noted are of the same order as the absolute accuracy of the _c
measurements.

(C) The ER distributions shown in Fig. 10c deduced from the species mole

fractions shown in Figs. lOa and b for Runs 106-23 and 108-33 indicate that

fuel distribution is the principal factor giving rise to the higher _c with
hole injection. With slot injection a large region of flow near the wall has

local ER > i, whereas with hole injection no regions of ER > 1 are present.

In both cases the concentration of hydrogen near the combustor centerllne is

low, indicating that for conical combustors with dimensions of the order

tested, some type of instream injection is needed if flatter profiles are de-
sired.

THEORETICAL ANALYSIS AND HEAT TRANSFER INPUTS

(U) During the time that these runs were being made a theoretical an-

alysis of the processes that take place in a supersonic combustor was being

developed. In the analysis the combustion process is depicted as one of three

types .depicted in Fig. Ii, depending on the relative amount of heat addition.

Case (a) is a shock-free, continuous, one-dlmenslonal, heat addition process.

The control boundary consists of the inlet and exit surfaces (at stations a

and b) and the combustor wall. Fuel is injected at an incidence angle 8 Just

downstream of station a. The forces on the control boundary are due to the

combined effects of pressure and shear, and heat can be transferred across

the boundaries adjacent to the wall. In case (b) the combustion is preceded

by a normal shock which lles within the control boundary. As in case (a),

the location of station b is arbitrary, with no violation of the one-dimen-

sional restrictions. In case (c) the combustion is preceded by an oblique

compression wave, and a separated zone is required to complete the flow pic-

ture. In this case the one-dimenslonal analysis can not be valid unless sta-

tion b is located downstream of the reattachment point b'. Discontinuities

in the combustor area (e.g., a step change in area at station a) are permitted

upstream of station b'. The integral forms of the appropriate conservation

equations are:

Mass

g OaUaA a + wf = g 9bUbA b (I0)

Momentum (Axial)

PaAa + _b Pw sin c_ dA- PbAb - _ _w
a w a

cos ol dA
W

PbUb2Ab " 0aUa2Aa - pfuf 2Af cos 8 = 0
(n)

10
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Energy

Ua ( ) I ) -- qw dA
h + + f hf -_- = (i + f) hb +T +*a a w
a T + uf_ Ub_ I (i2)

(U) To obtain solutions to these equations it is necessary to have both

an appropriate equation of state, viz.,

Pb = Pb(Pb ' hb) (13)

and expressions for the wall distributions of pressure, shear and heat trans-

fer. For a state relationship, pseudo-equilibrium between unreacted fuel and

products of combustion in thermodynamic equilibrium at the local temperature

and pressure is assumed. The integral terms for the skin friction and heat

transfer in Eqs. (ii) and (12) for these types of flows can be obtained by

rigorous solutions of the boundary layer equations (e.g., Ref. 19) if the

initial conditions are defined or average values can be obtained from data

correlations if available. The latter was chosen for the analysis herein.

Bulk heat transfer rates Qw from the tests with injection from discrete holes

(Runs 108, ii0 and 114-127) are summarized in Fig. 12. The average heat

transfer rate per unit surface area Q /A is normalized by the inlet mass flux
W

_a/Aci and the average gas-wall enthaYpy difference defined as:

Ah m hta + fhtf + 0.5 f_c'AHf - hw (14)

where h and h are the total enthalpies of the incoming air and fuel re-
t tfa

spectively, and h is the enthalpy of air at the average wall temperature.
w

The factor of 0.5 multiplying the heat release parameter f'_c'AHf is intended

to yield an average for the overall combustor. Certain license has been taken

in drawing the correlating curve, the attempt being to minimize the rms of the

scatter and to provide agreement with results (not shown here) from tests wkh

liquid fuels in the same combustors (Ref. 20). The normalizing parameter ade-

quately accounts for the effects of wall temperature considering the overall

grouping of the zirconia coated wall data with the remaining data. Computed

gas side surface temperatures varied from 880°K (1580°R) for ER'_c = 0 to

1930°K (3480°R) for ER._c = 0.61 for the coated wall, whereas an uncoated wall

having the same heat transfer at the corresponding ER'_c would have had tem-

peratures of 390°K (700°R) and 700°K (1260°R) respectively. The range of

variation of _ (1.37-1.42 kg/s (3.01 - 3.14 ib/sec)) and h (2.30 to 2.65
a t

a

MJ/kg (990-1141Btu/ib)) for the data is limited, so it is somewhat presump-

tuous to assume the general utility of the normalizing parameters until tests

with broader variations in these quantities are made. With slot injection the

Q/A w values are apparently quite dependent on the properties of the film of

hydrogen, i.e., the fuel temperature, flow rate and the combustor geometry,

and no simple correlating parameter was found.

11
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(U) Assuming that the Reynolds analogy is valid for flow with exother m

mic reactions, it is possible to relate the heat transfer parameter to a shear-

ing stress parameter C_. To obtain the deduced shearing stress using Reynolds

analogy, certain simpllfying assumptions are necessary. The analogy is ex-

pressed:

_/A ; .g
w = w

(hr - hw)

(15)

Iiwhere _w is the integrated shearing stress acting on the wall area = _- _wdAw
w

and h is the average value of the recovery enthalpy of the gas. The average
r

velocity u can be taken as Uci, since the decelerating effects due to the pre-

combustion shock and heat addition are about cancelled by the accelerating

effects due to combustor divergence as shown in Ref. 19. Defining the shear

parameter as:
2_

W

- (16)_f 2
PciUci

and noting that _ a gPciUciAci results in

(17)

where the bracketed term is the heat flux parameter defined above and Ah is

given in Eq. 14. Whereas, the simple definition of the average total enthalpy

as the arithmetic mean of the combustor inlet and exit enthalpies was suitable

when used to normalize the heat transfer data, a more appropriate representa-

tion is needed when defining hr in order to obtain reasonable values of Cf.

(U) To be consistent with the usual definition of recovery enthalpy

hr lht I + r I

C I = _ 0.93 (18)

for M _ Mci = 3.2, r _ (Prandtl No.) ½ _ 0.9. The average total enthalpy is

defined as :

ht = ht a + fhtf + C2 f'_c'AHf (19)

(U) An estimate for C 2 can be obtained from Ref. 19 which presents the
deduced longitudinal variation of total enthalpy for a test made in combustor

12
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configuration E. In this test, the enthalpy rose to nearly the exlt en-

thalpy within the cylindrical section, and a value of C 2 = 0.9 is reasonable,
and was assumed representative of all the data. Whether or not the local

heat transfer is governed by the bulk enthalpy at a given location is not

known. Due to the nonuniform distribution of fuel, local hot (or cold)

zones located near the wall could result in higher (or lower) h than would
correspond to bulk values, r

(U) Figure 13 shows the Cf values for an example case with T t = 2030°K
a

(3660°R); Ttf _ 440°K (800°R) and Pt = 3.17 MN/m 2 (460 psia) which is typi-
a

cal of the testing condition_. The mass flux a_ the combustor inlet for
these conditions is 364 kg/m_s (74.5 Ib/sec ft. ). To obtain the gas en-

thalpy at the average wall temperature, it was assumed that the walls were

the same as in the uncoated combustors, i.e. 1.6 x lO-3m (0.0625 in.) thick

type 310 stainless steel and the coolant side temperature was 310°K _560°R).

Solving the heat conduction equation for Q/A w yields Tw and in turn hw, but

it should be noted that the resulting Cf is only weakly dependent on hw' l.e.

results In only a 1% change In Cf Even thougha 330°K (600°R) change in Tw

the particular values of Cf are unique for the particular example chosen, the

characteristic of increasing Cf with increasing heat release is presumably

characteristic of supersonic combustors. Moreover, values of 0.002 for the

local skin friction coefficient are quite reasonable for turbulent flows

entering the combustor in a typical engine.

(U) In order to obtain solutions to Eqs. (9-12) it is necessary to for-
mulate the wall pressure force which is taken to be

Ps Pa(Aa)¢/(e-l) (20)
¢/(e-l) = constant = ap-Pw A

_here ¢ is an arbitrary constant - = _ ¢ _ = (Ref. 21))

J_ Pw sln _ dA = (I-¢) (PbAb - Ps PaAa )
W

a Pa

(21)

where Ps is the pressure immediately downstream of the precompression shock.

Solutions for these equations, with certain restrictions discussed later, can

be obtained for combinations of combustor area ratios, fuel flow rates, and

shock compression ratios (ps/Pa) using a high speed computer.

(U) The salient features of this analysis are more easily discussed for

the simple case of a calorically perfect gas with T = q _ 0. With these
W W

restrictions the following property relationships can be expressed explicitly

in terms of _, M b (the exit Mach number) and ps/Pa .

13
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pb (22)

? a
a ¢ +YMb2

1-C

(23)

2 + M _) - (1-0_-_'i

+ (_'-l)Mbel] % leF (I P _

--Ttb = + _] {_aa_ L' Y a_+_..Mb__ _ai.j
Tt a

(24)

(U) Relationships for the particular cases of ¢ = _.= and ¢ = - _ MB_ are
readily obtained using the same procedure as in Ref. 21. Solutions for

various stagnation temperature ratios in a given area ratio combustor are

generally desired, but since no explicit relationship (Ttb/Tta = f(Ab/Aa, Ma,

_, ps/Pa ) can be obtained, Eqs. (23) and (24) are solved simultaneously using

standard iterative procedures.

(U) Results for a particular set of initial conditions, M = 3.2 and
a

y = 1.4, for a combustor having an area ratio of 2 and Tw = qw 0 are shown

in Fig. 14. Sets of Ttb/Tta curves are given for selected values of the pres-

sure ratio across the shock in the combustor inlet. For clarity, only three

sets of curves are shown: for no shock, for an oblique shock with ps/Pa = 2.9,

and for a normal shock with ps/Pa = 11.78. Similar sets of curves could be

generated for other values for I < ps/Pa < 11.78. However, solutions for 9.71

< ps/Pa < 11.78 may not be meaningful, because they belong to the family of

strong rather than weak oblique shocks. Each set is bounded above by the stag-

nation temperature ratio which results in a sonic exit limit, M b = 1.0. The

lower bound corresponds to an entropy limit, which, in effect, means that solu-

tions from the ¢ = constant family having the same initial conditions, but a

lower Ttb/T t would require a negative entropy change. The value of c corres-
a

ponding to the limiting condition is obtained from the implicit relationship:

Ps _Y Ma2
: + - _ _ i (25)

+
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Note that

and

(26)

0 j _ E _/(y-l) (27)

These two constraints result in ranges of possible Ttb/Tta that increase with

increasing ps/Pa . However, for any total temperature ratio between unity (no

heat release) and the maximum possible value corresponding to a normal shock

with M b = 1.0, there are an infinite number of possible solutions that lie

within the prescribed ps/Pa bounds.

(U) At this point the desirability of predicting the most probable of

the permissible solutions for given initial conditions becomes apparent. Based

on considerable experimental evidence it can be argued that the most probable

solutions are those having the lowest pb/Pa ratios for a given Ttb/Tta ratio,

if the required ps/Pa is sufficient to separate the boundary layer in the

combustor entrance. If the ps/Pa required to obtain the minimum pb/Pa is

lower than the separation pressure ratio, then the injection- and combustion-

induced disturbances generated in the combustor inlet are effectively dissi-

pated, and the resulting process effectively corresponds to ps/Pa z 1.0. In

order that the most probable pressure-area distributions be of use for com-

parison with experimental results, heat transfer and shear as defined by the

curves shown in Figs. 12 and 13, are included in real-gas calculations using
nominal experimental values for the combustor inlet conditions.

(U) For the results shown in Fig. 15 the inlet conditions are Mci = 3.25,

Tci = 752°K (1354°R) and Pci = 5.11 x 104N/m 2 (7.46 psia) which correspond to

total conditions of h t = 2.32MJ/kg (i000 Btu/ib)(T t _ 2037°K (3667°R)) and
a a

Pt = 3.15MN/m 2 (460 psia). The combustor exit to inlet area ratio is 2.0 and
a

the wall-surface to inlet-area ratio Aw/Aci = 42.8. The fuel temperature is

670°K (1200°R) and uncoated walls and coolant conditions assumed in the Cf

determination were used. The pressure-area distributions are shown in Fig. 15.

For ERef f < 0.213, the value of ps/Pc i satisfying Equation 24 is less than 2.9,

the approximate value required to separate a turbulent boundary layer at M =
ci

3.25 (Ref. 22), thus no precombustion shock is present. For 0.213 _ ERef f

1.0, combustion is preceded by an oblique shock, which varies in strength from

ps/Pci = 2.9 to 10.62.

15
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(U) Shown in Fig. 16 are results for theoretical calculations for cases

in which the input conditions have been perturbed to cover the range of inlet

air enthalpies and geometric variations tested. All cases are for ERef f = 0.5

with shear and heat transfer defined as before. Figure 16a shows the effect

of change of the enthalpy of the incoming air. Changes of plus or minus

0.137MJ/kg (200 But/ib) in h t result in changes in ps/Pci of 4.61 and 7.34,
a

respectively, about the value of 5.62 for the nominal case. In Fig. 16b the

effects of changing the combustor area ratio Ace/Aci are shown. The extension

of the curves (dashed portions) for Ace/Aci = 1.50 and 2.00 (the nominal case)

beyond their respective locations of the completion of heat release to A/Acl =

2.50 are based on isentroplc expansion. For a given heat release, ps/Pci de-

creases with increasing area ratio, but pressure levels are nearly the same

for A/Aci > 1.5. Changes in slope at the A/Aci values corresponding to the

end of heat release in the smaller area ratio combustors are not evidenced be-

cause the entropy limit condition is met when the slope of the heat addition

process (dp/dA)¢= c is equal to the slope of an Isentrope (dp/dA)s= c at this

point. Thus, it would be difficult to deduce the effective location of the

end of heat addition from pressures in this region in combustors having con-

tinuously increasing area. For example, in the 0.914m (36-in.) conical com-

bustor (Configuration B) having a geometric Ace/Acl = 2.59, the heat release

could be effectively completed at, say, x = 0.617m (24.3 in.), i.e., A/Acl =

2.00, and the predicted downstream pressure distribution would be very nearly

the same as for completion of heat release at the geometric combustor exit.

Thus, to discriminate between the two hypothetical cases postulated, the up-

stream pressures would have to be examined. A second dilemma arises here in

that wall static pressure in the region of the shock/boundary-layer interaction

and separation are not, ln general, the same as their more representative in-

stream counterparts, which are very difficult to obtain experimentally. This

point will become clearer in the subsequent discussion of the experimental

pressure distributions.

(U) In Fig. 16c the effect of changes in the surface area Aw/Aci, for

the same Ace/Aci are shown. Changes in Aw/Aci result in proportional changes

in both Qw and _wAw , but the latter is by far the more significant effect. In-

creasing Qw decreases ps/_iand the downstream pressure distribution, whereas

increasing _ A has just the opposite effect. For example, the increased heat
WW

transfer associated with the increase in Aw/Aci from 42.2 (nominal case)to 69.2

would decrease ps/pd by 15%. However, the increased shear would increase ps/Pci

by 36%; thus, the net effect is the 21% increase shown.

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

(C) Having the theoretical predictions, it is now possible to make com-

parisons with experimental pressure distributions. Wall static pressure ratios

16 _.v _L..r_f,.J_'l .I.J.k_ I.
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for the ERef f : 0.80 x 0.72 : 0.572 and the cold point from Run 108 are shown

as the data points in Fig. 17. The theoretical pressure distributions based

on the above analysis are indicated as the smooth curves. It should be em-

phasized here that the value of _used to generate the theoretical curve results

from the calorlmetrically determined combustion efficiency using the analytical

procedure just described and no____tsimply an arbitrary choice to produce a good

fit with the measured static pressure distribution. The presence of the pre-

combustion shock is clearly evidenced in the burning case, although the

measured wall pressures in the vicinity of the injector are somewhat lower

than the theoretical prediction. It is possible that instream pressures would

yield even closer correspondence of theory with experiment, but, even so, the

agreement is quite good considering all the assumptions needed to perform the

analytical calculations and the known deviation from one-dimensional flow. The

theoretical curve for the cold point was based on one dimensional flow with

shear and heat transfer defined by the curves in Figs. 12 and 13. Similar cor-

respondence of this theory with experimental data is shown in Rely. 17, 19, and
21.

(C) For the theoretical method to be valid, there should also be agree-

ment between the other combustor exit properties measured and the theoretical

values. These comparisons are shown in Fig. 18. The radial variations of the

pitot pressure ratios and deduced combustor exit Mach numbers are shown. Al-

though the data reveal the presence of a radial gradient in combustor exit flow

properties, the theoretical calculations yield a good approximation for the

average value. For this case the heat addition has decreased the combustor

exit Mach number from the cold flow value of 3.44 to 1.70. The corresponding
decrease in the mass averaged total pressure is from 1.78 to 0.48 MN/m z (259

psla to 70 psia). The large loss in total pressure from 3.10 to 1.78 MN/m_

(449 psla to 259 psia) for the cold-flow case is due to the wall shear. In the

burning case the wall shear loss is even greater and contributes more to the

total pressure loss than does the heat addition. This example clearly illus-

trates the importance of minimizing surface area in the supersonic combustor.

(C) In Runs 112-129 the effects of changes in combustor geometry on com-

bustor performance were investigated. Previous testing of liquid-fueled super-

sonic combustors in a program sponsored by the United States Navy (Ref. 3) had

shown the beneficial effect of the presence of an abrupt step increase in area

at the combustor entrance in isolating the disturbance caused by the pre-com-

bustion shock from the upstream flow. Similar beneficial effects had also been

observed when a constant-area section was placed upstream of the fuel-injection

station. In combustor configuration E (Runs 112-114) a constant-area section

consisting of a water-cooled cylinder and a r_ng calorimeter was first placed

downstream of the fuel injector to determine the effects of the added length on

performance. In configuration F (Run 116) the same section was placed upstream

of the injector to measure the extent of the upstream propagation of the pre-

combustion pressure rise. In configuration G (Runs 119-121) the upstream half

of the conical combustor was replaced with a 8.33 x 10-2m (3.28-in.)-diameter

cylindrical section to produce a 1.37 x 10-2m (0.54-In.) step increase in dia-

meter just downstream of the injector and match the entrance diameter of the

downstream conical section. The upstream ring calorimeter was not in use in

this configuration. Configuration H (Run 123) removes the downstream conical
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section and configuration I (Run 127-129) adds back in the upstream ring

calorimeter.

(C) Representative pressure distributions for each of the combustor

configurations are shown in Fig. 19. With the injector close-coupled to the

air supply nozzle as in Run 114 (Fig. 19a) the high pressures caused By the

pre-comBustion shock are evidenced at the injector and presumably propagate

into the air supply nozzle. Since pressure instrumentation was not provided

in the nozzle the extent of the upstream feedback is now known. With the con-

stant-area section moved upstream of the injector (Run 116) the pressure rise

ahead of the injector could be determined (Fig.19b) The extent of the upstream

propagation varied directly with the strength of the pre-combustion disturbance

but did not extend into the air supply nozzle at the highest ER tested. Figures

19c and 19d show that the placement of an abrupt step increase just downstream

of the injector essentially prevents the upstream propagation of the pressure

rise. In Fig. 20 the pressure distributions for the four runs having nearly

the same heat release parameter (ERef f = 0.45-0.49) are replotted vs distance

from the nozzle exit to show the effectiveness of the pressure isolation de-

vices.

(C) Figure 21 shows effects of combustor configuration and ER on _c for

these runs. Comparison of the upper two lines at the same ER shows a 2%'to

4% reduction in _c associated with the 0.213 m (8.4-in.)shortening of the com-

bustor. The long step-cyl-cone combustor G shows a strong dependence on ER,

but when the cone is removed to make the short step-cyl combustor, _c is in-

sensitive to ER, but always relatively low (_c _ 0.7). Comparison of combus-
tors F and G shows the adverse effect of the step on _c for combustors having

nearly the same length; the reduction in _c increases from 2% at ER = 0.5 to

6% at ER = 0.8.

(C) Losses in _c include both kinetic effects and mixing inefficiency.

Mixing inefficiency occurs when local regions in the flow have instantaneous

values of fuel-air ratio greater than stoichiometrlc (ER > i). Kinetic ineffi-

ciency can still cause a loss in _c in regions where ER _ 1.0. The gas-sampllng

measurements show that for local ER < 0.4, the time-averaged _c is generally

equal to 1.0, and for ER > 0.4, _c is less than 1.00. Presumably in the range

0.4 < ER < 1.0 kinetic losses are present, but this can not be unequivocally

claimed, since the gas samples are withdrawn over a period of 7 seconds, and

turbulence in the flow could present to the probe a fluctuating composition of

gases including some instantaneous values above stoichlometric. A general

trend of decreasing _c with increasing overall ER would Be expected, because
parcels of gas with ER > I would appear more frequently. On the other hand,

for fixed-geometry injectors as used herein, increasing ER results in increased

fuel penetration and conceivably could yield a better fuel distribution for a

particular injector-combustor geometry. A balancing of the two effects may ex-

plain the relative insensitivity of _c to ER in the short step-cyl combustor.

(C) Figure 22 shows the radial variations of ER in the combustor exit

plane for the same four combustors operating at overall ERef f near 0.45. The

combustors without steps (E and F), which gave higher _c'S, had relatively
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flatter profiles. For the step motor designs (G and H), almost no fuel pene-

trates to the combustor centerline, and relatively rich regions exist near the

wall; the distribution is slightly more skewed for the shorter one (H). The

deviation of the area-averaged ER from the overall ER for each case is due to

the radial variation in mass flux and to circumferential variations in ER not

accounted for in the limited number of samples.

(U) The short step-cyl design provides a means for isolating combustion-

induced disturbances from the upstream flow, and it has a desirably small wall

surface area (relatively low %mll shear and heat transfer and less total pres-

sure loss). However, it appears that the combination of the abrupt turning of

the flow at the step together with the reduced length prevents the fuel from

penetrating into the center of the combustor. Presumably the problem can be

relieved by using in-stream injection from a low-drag injector in conjunction

with wall injection. Tests of this type of combined injection are currently

underway at the Applied Physics Laboratory.

S_RY AND CONCLUSIONS

(C) Tests of various direct-connect combustors have been made to deter-

mine the effects of injector and combustor geometry on the combustion charac-

teristics of hydrogen for several combustor inlet conditions. The initial

tests, which compared results from discrete-hole and wall-slot injectors in a

0.51m (20-in.)-long conical combustor, showed that:

I) For given initial air and fuel temperatures, combustion effi-

ciency (_c) is consistently higher with hole injection than with wall-slot

injection.

2) Based on flight within the tropopause and Mci = M0/3 , the mini-

mum flight Mach numbers for autoignition and _c _ 0.70 are M 0 = 6.3 at a fuel-

air equivalence ratio (ER) of 0.2, and M 0 = 8.1 @ ER = 0.8 with slot injection.

The discrete-hole injectors permit operation at much lower flight speeds:

M0= 3.5 @ ER = 0.4, and M 0 = 4.7 @ ER - 1.0.

3) Combustion efficiency increases with increasing combustor inlet

temperature and decreases with increasing ER for either injector geometry.

A second set of tests was made with 0.61m (24-in.)-long conical com-
bustors with and without zirconia-coated walls to determine the effects of

combustor wall temperature on _c for various fuel temperatures and injector
designs. These tests showed that:

4) With wall-slot injection _]_ increases by 3% to 8% when wall tem-

perature is increased by 330 to 1000°K (bOO to 1800°R).

5) Increasing fuel temperature produces significantly higher _c with

slot injection but has little effect on _c with hole injection.
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6) Equivalence ratio distributions obtained from gas samples in

the combustor exit plane indicate that fuel distribution is the principal

factor giving rise to higher _c with hole injection. With slot injection at

an overall ER near 0.5, a large region of rich flow (ER > I) exists near the

wall, whereas with hole injection no regions of ER > I are present.

In the final series of tests the effects of injector and combustor

geometry on combustor performance showed that:

7) The presence of either a constant-area section ahead of the

injectors or an abrupt increase in area downstream of the injector would pro-

vide an effective barrier to the upstream propagation of combustor-induced

pressure disturbances.

8) For the longer combustors, _c decreased by I0 to 15 percentage

points when ER was increased from 0.5 to 0.8; e.g., for a 0.89m (35-in.)-long

cyl-cone combustor, it dropped from 94% to 84%.

9) Decreasing combustor length from 0.89m to 0.69m (35 in. to 27 in.)

resulted in a reduction of 2%-4% in _c with cyl-cone-configuratlons.

I0) Use of a step in a cyl-cone combustor of 0.74m (29-in.) length

causes losses in _c of 2% at ER _ 0.5 and 6% at ER _ 0.8.

ii) For a short (0.38m (15-in.-long)) step-cyl comhustor, _c was in-
sensitive to ER and was near 0.7 for the cases tested. This represents a loss

of _ 20 percentage points in _c at low ER (0.5) compared to a 0.74m (29-in)-

long step-cyl-cone design.

(C) From the foregoing results it is Judged that performance of a short

step combustor could be substantially improved by some in-stream injection to

place a portion of the fuel near the combustor centerline. Such a combustor

would still provide the desired isolation of the air inlet from the combustor

and would have low surface area, low friction loss, and low cooling require-

ments.

(U) Complementing the experimental program was the development of a

theoretical analysis which yields an excellent description of the bulk pro-

cesses taking place in the supersonic combustor. This analysis postulates

that with sufficient heat release the combustion is preceded by a compression

wave. With correlations for the wall shear and heat transfer obtained from the

experiments the theoretical method can be used to predict the strength of the

pre-combustion shock, the pressure-area distribution in the combustor and one-

dimensional values for properties in the combustor exit plane. Comparisons of

theoretical and experimental values for each of these are quite favorable.
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(THIS PAGE UNCLASSIFIED)

INTERCHANGEABLE COMBUSTOR EXIT

INJECTOR-COMBUSTOR; INSTRUMENTATION

INSTR UME NTATION: SECTION

Pw, Tw, qw, \ PCONE STATIC
t,

SECT,ON.".T,\\ \ ,NSTRUMENTAT,ON
SECONDARY AIR \ \ \ SECTION p, T t

(0- 0.68 kg/sec) \ _ \ \

Pt =3.1 MN/m 2 CALORIMETER CART

wa= 1.27 kg/sec

E = 650 VOLTS

I = 11,500 AMPS

(U) FIG. 1 SCHEMATIC OF MACH 3.2 ARC HEATER SET-UP (U)
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- _O_[_IDE:;TIAL

(THIS PAGE UNCLASSIFIED)

-_IRAD. DISCRETE HOLE

INJECTORS

-RAD. SLOT

Mci O

O

d

tiiiii!i
--,_-RAD.

CODE NUMBER d (mm) CODE s (ram)

OF HOLES

a B 2.64 c 0.23

b 10 2,29 d 0.89

(U) FIG. 2 SCHEMATIC ILLUSTRATIONS OF FUEL INJECTORS (U)
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FUEL II_JECTOR IS AT STATION 0 IN ALL CASES.

MODEL STATION: 0 '0.507-m

T HALF ANGLE 0.0244 RAD.'_'--

FUEL INJECTOR ,'_jL L_.__c_J .._

AIRFLOW_ _'____ _" -' _9.563-cm'DIAM"

MACH" 2.9 i I_ b.u_cm I/

CONICAL NOZZLE _ 0.490-m (CONE} _

(A) 0.507-m I-LONG CONICAL COMBUSTOR

Ace = 2.64

Aci

A_
= 49.06

Aci

0

MACH 3.2

CONTOURED(Typ.FOR NOZZLE
CONFIGURATIONS 0.610-m (CONE)

B-I)

(B) 0.923_n-LONG! CONICAL COMBUSTOR (SEE NOTE)

0.008-m 0.618-m , 0.923-m

[ O.0244RAD. I , A_=2.55

• _ - _ 11.120-cm-DIAM

,i, ,I

"!_ 0.305-m(CONE_ .Ac, 69.20

0 0.008-m 0.618-m

']" I--_E.(_4-m 0.542-m T

J ,r'_0.0244 RA_). _ ,//

_.--_1 _ --- _ -- 9.845-cm-DIAM

' ,r--f
--i

I_ 0.610-m (CONE) " I

(C) 0.618-m -LONG CONICAL COMBUSTOR (SEE NOTE)

0.280-m

o--0.027-m 0.068-m " . .357-m

J
_=-_1 ,1®1, ,Iml,

___CYLINDER !
SECTION _ _ 0.610-m (CONE)

(E) 0.890-m-LONG CYL_ONE COMBUSTOR

NOTE: CONFIGURATION D IDENTICAL TO C EXCEPT INSIDE SURFACE IS COATED WITH

0.0076 cm OF NICHROME AND 0.076 cm OF ZIRCONIA. CONFIGURATION B ALSO

HAS THIS INNER SURFACE COATING ON CONICAL EXTENSION SECTION.

Ace

m = 2.00
%i

Aw= 42.79

Aci

O DISK CALORIMETER

Z_ RING CALORIMETER

, 0.890-m

0314-m, // _Ace = 2.00

Ji._ Aci

- _ 9.845-cm-DIAM

> Aci

(C) FIG. 3 COMBUSTOR CONFIGURATIONS (U)
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AIR

FLOWi

(TYP.)I

FUEL INJECTOR (TYP)

MODELI-o.263-., \ _)i0.0_.r, 0.87B-r-
_r,_,oNI o.o,,-_1Io.,,,:_ , o.00,-mI

"-"-'- I HALF ANGLE 0.0244 RAD

_._ _,_,so.'1
/ / CYL. il

6,9B-cm (TYP) J
DI A M_-'I;Y P.) _i_ 0,610-rn ICON E)! r

Ace

= 2.00
Acl

9.845-cm-DIAM

A w

= 46.21
Acl

(F) 0.678-m;LONG WITH UPSTREAM ISOLATION CYLINDER

-0.185-m

I
_lui, ,1,

_lnl' 'r

_- 0.193-m r--J

(CYL)'

0.373-m0 , 0,738-m

0.0O6-m0.0:_.m_STEP)I \0.862-r. I / Ao.I 0,411-m _ = 2.00

0.0244 RAD

f 9.845-cm-DIAM

'_1' 'I_A ,ll / 7IT A_
I- " /_l _=5274

•,<---- 0.365-m (CYL),---.-,.)-.t.<_ 0.365-m (CONE)-.._-_ cl '

(G) 0.738-re:LONG STEP-CYL-CONE-COMBUSTOR

0

--0.185-m 0.008-m (STEP)

I I°.°_'-m

_1 °1' 'r 1_1,
(H) 0.373-mJ-LONG STEP-CYL-COMBUSTOR

0o373-m

1

8.33-em

,I I

O DISK CALORIMETER

[] RING CALORIMETER

Z_ SKIN-FRICTION BALANCE

Ace

= 1.434
Acl

Aw
= 25.61

Aci

0

--0_48-m 0 008-m (,STEP) 0.373-m,

1-0"192"m I 0"039"m I

I - 8.33-cm

_!_i, .rl_,=l, ,i

(I) 0.373-m_-LONG STEP-CYL-COMBUSTOR WITH UPSTREAM CA LOR IMETE R SECTION

Ace

= 1.434
Acl

A w

= 25.61
Aci

(C) FIG. 3 (CONT'D) COMBUSTOR CONFIGURATIONS (U)

#_#'_ 'LT'v='rr _ & T 29



CC.Z_I-Z,BZ __Z-,._;_,-

(U) FIG.,4 OXYGEN DEFICIENCY IN SAMPLE BOTTLE FOR VARIOUS '
TOTAL ENTHALPY LEVELS. (U)

zo

SYMBOLS REPRESENT MEAN VALUES OF X FROM

CURVES OF FIGURE 4

5.0_ 1 I i , •

/
4 .O r __

" .o,_G C_ _'-

1.0 _A'T -

0 I I I !

2.4 2.5 2.6 2.7 2.8 2.9

TOTAL ENTHALPY AT MIXING CHAMBER EXIT (MJ/kg)
J

(U) FIG. 5 CONCENTRATION OF NO IN AIR STREAM. (U)

3O _Air I, ..... ----



H 2 FUEL; COMBUSTOR CONFIGURATION A

8-HOLE (/t'/2 RAD) INJECTOR 0.23 MM (/1"/4 RAD) SLOT INJECTOR

L)
Z
u.I

LL
LU

z
O

0

1.0_

0,_ --

0.40 --

0.20 --

0
0

Tci, °K Tf °K Tci °K Tf °K

0 899 683 0 895-912 639

Z_ 958 672 • 894 862

[] 890 649 _ 1150 629

920 692 • 1223 629
V 709 702 • 1460 669-683

762 682

I _1 I I I

= _ _ _1460 "" "=915

735

150

L I I I I
0.2 0.4 i 0.6 0.8 1.0

EQUIVALENCE RATIO

(C) FIGURE 6 COMBUSTION EFFICIENCY VS. EQUIVALENCE RATIO FOR

HOLE- AND SLOT-TYPE INJECTORS (U)

1.2
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H 2 FUEL, COMBUSTOR CONFIGURATION A

Tf _ 679 °K

FLIGHT CONDITIONS BASED ON: Mci = MO/3, T O = 225°K

100

80

>. 60
o
Z
UJ

0
D

U.
I,L

LU

z 40
O

8

8-HOLE (/z'/2 RAD) HOLES INJECTOR 0.23 MM (/t/4 RAD) SLOT INJECTOR

ER ER

' 0 0.41 • 0,26,0.50,0.80

z_ 0.57 • 0,50,0.60
i'1 0.65 _ 0.42
0 0.92 • 0.20

V 0.62 • 0.31,0.60

,q 1.o2

2O

I 1 I I I
3 4 5 6 7 8 9

FLIGHT MACH NUMBER, M o

o I I
500 1000 1500

INLET AIR TEMPERATURE, Tel (°K)

(C) FIG, 7 COMBUSTION EFFICIENCY VS. COMBUSTOR INLET AIh
TEMPERATURE FOR HOLE AND SLOT TYPE INJECTORS (U)
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COMBUSTOR CONFIGURATION A (0.507-m LONG CONICAL}

RUN NO. COMI3. INJ. ER _c

83-2 A a 0.41 0.96

R-
E
tj

v

Q
ill

,<

O

<
R-

H2

1C

2o_

22.8!////

0

j ' ,

i
I NO X 10 "_

! /

r /!

I _
I i

I I / "
| I / COMBUSTOR!WALL ,

"lIVilJllllJllrlliJllllllllll_llll177111Aiil_lllllll

o.2 o.,l o.6 0.8 1.o
ER, MOLE FRACTION

(C) FIG. 8 RADIAL VARIATION OF SPECIES, MOLE FRACTION AND DEDUCED ER
IN COMBUSTOR EXIT PLANE (U)

r

I

" OC'::':_.T,;.T'J T

J
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>-
u
z
UJ

U.
U.

LU

z
0

8

HOT (HOLE) .__...--

(1850)

(915)

I

(1490)

I((1060)

(488)

0.4

0.3

" .SYMBOL ER

'(701) z_ • •.0._9-0.55/ 0 • •/ 0.50-0.53

NUMBERS IN PARENTHESES SOLID SYM. SLOT INJECTION
.INDICATE WALL SURFACE OPEN SYM. HOLE INJECTION

TEMPERATURE- °K 'FLAGGEDSYM. COLDWALL i
L I I l J

500 750 1000 oR 1250 1500 1750

I 1 ] t I I I I
300 400 500 600 700 800 900 1000

FUEL TEMPERATURE =,°K

(C) FIG.9 EFFECT OF INJECTOR GEOMETRY AND WALL TEMPERATURE ON EFFICIENCY (U)
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2O

23.3

COMBUSTOR 0
0 0.2 0.4 0.6 0.8 1.O. WALL

MOLE FRACTION

(a) SPECIESMOLE FRACTION WITH
SLOT INJECTION

PI

E

10

2O

23.3

_r i t
02 N2

_h. 11

l l I lI
///_",/'_.,."/A///J/Y / / / ..,'/V,,_V / / _

0.2 0.4 0.6 0.8 1.0

MOLE FRACTION

(b) SPECIESMOLE FRACTION WITH
DISCRETE HOLE INJECTION

¢-" _+%_ I I I I" I
1.0-

z

w LU

n,-

23

O 2.0_--

on,-

g

- j, ,
-- 3.61 L I ALL l

e'l///A///l/y/////ll/////J[/////y/////'l,/////X]//_r2

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

ER

(c) DEDUCED ER DISTRIBUTION

(C) FIG. 10 RADIAL VARIATION OF GAS COMPOSITION IN COMBUSTOR
EXIT PLA-_IE0_610---2m!LONG CONICAL COMBUSTOR (U)
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(U) FIG. 11

-_ _ __Y//H/N//////. ...... 7

i'a)SHOCK FREE " _ \\_'_

< _ Clvv STATION b

---........... ._T_ ------ -I
_f'-hl

--NORMAL SHOCK C_--_ (';r r-'_ !

,6,Y\__ _conTRoLI
"' _\_.,f"OUNoARv I

fbl \_NORMAL SHOCK

.__////,///.//.//,///z,////////_/
r_-_,'r__,- --_._ I-........ "I

I _ _"_"-"" ,7--. _ SEPARATEOZONE I

I "'"--- OsL,ouEs,_ocK _ ,< I
I I K " ,"> I_"ES-- Ic,_. ¢ , G-_,,

.\x_;___. j, _ _ ./? _-_.,s_-_,o,,_._. _ !

- Ic,' OBLIQU E SHOCK " \ \\_

SCHEMATIc ILLUSTRATIONs OF COMBLISTIQN PROCESSES fU)

36

"'Lt
L

T " i .



O3
0

X

<

0_
UJ
1--
14.1

n_
,<
O.

x

_J
LL
I--
<
LU

-F

4.0

SYMBOL COMBUSTOR (SEE FIG. 3)

e" D

• E

• F
3.0-- #

• G d _ "" ""

• I #_ " • •

2.0 -- • .

1.0

oT I I I I 1 1 I I

0 0.2 0.4 0.6 0.8

E Ref f _ ER • tic

(U) Fig. 12 COMBUSTOR HEAT FLUX CORRELATION (U)

1.0

3
N

U

¢N
I!

u_

LLI
F-
nnn

<
r",r"
<
G.

rt"
<
nnl

-r
(b')

0.005

0.004

0.003

0.002

0.001 i I I 1 1 I I I
0.2 0.4 0.6 O.B

(U) Fig. 13

ERef f = ER. 1'_c

DEDUCED COMBUSTOR SHEAR PARAMETER (U)

1.0

3'7

L L. L L. ...... =_ I._ t.i ,L' L. I _ L. .l..L_



(THIS PACE UNCLASSIFIED)

20

0.3
1,0 1,2 1.4 1,6 1.8 2.0

AREA RATIO, A/A.

(U) FIG. 14 PREDICTED STATIC PRESSURE DISTRIBUTIONS

FOR COMBUSTOR WITH AREA RATIO = 2 (U)
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Q.
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0.16
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EReff

.00
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0.04 0.213

0.02 0.20

o _ 1
1.0 1.2 1.4 1.6 1.8 2.0

A/Acl

(U) FIG. 15 PREDICTED PRESSURE AREA DISTRIBUTION FOR COMBUSTOR

WITH AREA RATIO =i2 (U):
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NOMINAL CASE: hta

1.2

0.6

0"4 t

0.2
1.0

%
%

= 2.325 MJ/kg Ace/Aci = 2.0; Aw/Aci = 42.21; EReff = 0.50;

hta (MJ/kg)

------ 1.860
_' 2.325
_,--, 2.795

COLD WALL I

I
1.5

A/Acl

(a) PERTURBATION OF INLET AIR ENTHALPY

2.0

Ace/Acl

1.0 1.5 2.0 2.5
A/Acl

(b) PERTURBATION OF Ace/Acl

1.2 I

Aw/Aci

------ 25.6
42.2

• 69.2m

I
1.5

A/Ac!

(c) PERTURBATION OF Aw/Acl

(U) FIG 16- EFFECTS OF PERTURBATION OF INLET AIR ENTHALPY AND
COMBUSTOR GEOMETRY ON THEORETICAL COMBUSTOR
PRESSURE DISTRIBUTION (U)
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(0.61-m-LONG CONICAL, ZIRCONIA-COATED) WITH INJECTOR A

(EIGHT 2.64 mm-DIAM HOLES);

hta - 2.46 MJ/kg Ttf = 286°K

0.101 -'_L I I I I I

I L_ THEORY: ERef f = 0.72 x 0.80 = 0.572, e = 2.22

0.08- I [] _ ._ RUN10B-_IER=0_ --

0.06.

P__w

Pt s

0.04_

0.02-
I I I I I

0 4 8 12 16 20 24

DISTANCE FROM FUEL INJECTOR, (INCHES)

I I I I
0 0.2 0.4 0.6

(METERS)

(C) FIGURE 17 COMPARISON OF EXPERIMENTAL AND THEORETICAL COMBUSTOR
PRESSURE DISTRIBUTIONS FOR COMBUSTOR D. (U)
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t
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I

m

I

I I I
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(C) FIGURE 19 COMBUSTOR STATIC PRESSUREDISTRIBUTIONS FOR FOUR
.COMBUSTORGEOMETRIES. (U)
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APPENDIX

(U) The Appendix contains all of the available basic

data plots of combustor wall pressure ratio, combustor exit

plane pitot pressure and combustor exit plane specie mole

fraction and deduced ER distribution.
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SYM. RUN NO. COMBUSTOR INJECTOR ER _c

O A c 0.31 0.93

I-I A c 0.60 0.82'

r _ ] _ I I

I
I

0 ' J I 1 1 I
0 4 8 12 16 20 _24

DISTANCE FROM FUEL INJECTION (INCHES)

0 0.1 0.2 0.3 0.4 0.5 0.6

(METERSI

P__w

Pt a

78-1 ,

78-2

0.05

0.04

0.03

0.02

0.01

a) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 78. (U)

SYM. RUN NO. COMBUSTOR INJECTOR ER rl c

O 79-1 A c 0.42 0.72

[] 79-2 A c 0.20 0.95

0.04

0.03- "

F W

Pt a

0.02 -

0.01 -

0 i [ I I f

0 4 8 12 t6 20 124

DISTANCE FROM FUEL INJECTOR (INCHES)

l l /. J b__ __I_____3

0 0.1 0.2 0.3 0.4 0.5 0.6

(METERS)

b)_(C) COMBUSTOR WALL STATIC PRESURE DISTRIBUTIONS FOR RUN 79. (U)

Fig. A-1
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SYM. RUN NO. COMBUSTOR INJECTOR ER "%

O 81-1 A c 0.26 0.33

l-I 81-2 . A c 0.50 0.20

Z_ 81-3 A c 0.80 0.17

0.06i _ r / , J

0.05-

0.04

Pw

0.03-

Pt a

0.02

0.01 -

0 ' ' ! ' '
0 4 8 12 16 20 24

DISTANCE FROM FUEL INJECTOR (INCHES)

I I I I I I I

O: 0.1, 0.2 0.3 0.4 0.5 0.6.

(METERS)

c}_ (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 81. (U)

SYM, RUN NO. COMBUSTOR INJECTOR ER _qc

[] 82-1 A c 0.50 0.20

O 82-2 A c 0.80 0.15

P.__w

Pt a

0.06

0.05

0.04

0.03

0.02

0.01

0 _

I I T I t

I I I I I

0 4 8 12 16 20 24

DISTANCE FROM FUEL INJECTOR (INCHES}

I t I ...... 1_____. • __.=L

0 0.1 0.2 0.3 0.4 0.5 0.6

(METERS)

d)' (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 82. (U)

Fig. A-1 (cont'd)
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SYM. RUN NO. COMBUSTOR INJECTOR ER _c

O 89-1 B a 0.59 0.82

ZI 89-2 B a COLD POINT

PwoPta 0,02

°°1I
0 ! I 1 t 1 I 1 I I I I

0 4 8 12 16 20 24 28 32 36

DISTANCE FROM FUEL INJECTOR (INCHES)

L I l0 011 0'.2 0.3 014 0'.5 0.6 0'.7 o'.s 0'.9
(METERS)

i) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 89. (U)

SYM, RUN NO. COMBUSTOR INJECTOR ER _c

r-] 98-27 D d 0.79 0.65

O 98-31 D d 0.50 0.84

Z_ 96-20 D d COLD POINT

%
Pt a

0.05

olo 

0.02L

0"01 i

0
0 28

i 1 I i 1 t

i 8 1'2 16 _) 24

DISTANCE FROM FUEL INJECTOR (INCHES)

0'.1 012 03 0'.4 0'.s 0'.6 ,0'7
(METERS)

j) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUNS 96 AND 98. (U)

Fig. A-1 (cont'd)
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SYM. RUN NO. COMBUSTOR INJECTOR

[] 100-17 C d
O 100-21 C d
Z_ 100-25 C d

ER _c

0.84 0.64
0.53 0.71
COLD POINT

Pw

Pt a

0.05 --

0.04-

0.03- !

0.02- ,

0.01 -

| i I [ l t

0 t I i 1 / I

0 4 8 12 18 20 24 28

DISTANCE FROM FUEL INJECTOR (INCHES)

. , _ • , , _L__J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

(METERS)

k) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 100. (U)

SYM. RUN NO. COMBUSTOR INJECTOR ER rjc

[] 102-17 C d 0.83 0.55
O 102-21 C d 0.52 0.72
Z_ 102-25 C d COLD POINT

Pw

Pt a

0.05

0.04

0.03

0.02

0.01

0

I I I I ..... [ I --

o ; _ 1_ 1_ _o _4 28
DISTANCEFROMFUELINJECTOR(INCHES)

_-- I I ..... I __JL_0.1 0.20130.4 0.50.8 E,
(METERS)

I) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 102. (U)

Fig. A-1 (cont'd)
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SYM. RUN NO. COMBUSTOR INJECTOR

n 104-34 c d
0 104-38 c d
Z_ 104-42 C d

Pt a

0.04

0.03 i I
I

0.02 _ I

0.01V

0,-,.

0

| --'---_ I I I

I I L I I I

4 8 12 16 20 24

i
1

28

DISTANCE FROM FUEL INJECTOR (INCHES)

L__.L_ _ - J-- I .... I I I I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(METERS)

ER rtc

0.85 0A9
0.53 0.39
COLD POINT

m) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 104. (U)

SYM. RUN NO. COMBUSTOR INJECTOR ER %

D 106-18 D d 031 0.52
0 106-23 D d 0.51 0.43

Z_ 106-27 D d COLD POINT

n)

°04I-
0.03 _-

,w !
0.02

Pta ' 4

0.01 -

0 I I I I I I

0 4 8 12 16 20 24 28
DISTANCE FROM FUEL INJECTOR (INCHES)

L l I 1 .... I__.,L_ _ J.__.L

0 0.1 0.2 0.3 0.5 0.6 '03 0.8
(METERS)

(C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 106. (U)

Fig. A-1 (cont'd)
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SYM.

[]

RUN NO. COMBUSTOR INJECTOR ER _c

108-29 D a 0.80 0.72
108-27 D a COLD POINT

0.10

0.08

Pw 0.06

Pta .0.04

oo2 ..

"O

T--r-- T [-- i i

0 4 8 12 16 20 24 28

DISTANCE FROM FUEL INJECTOR (INCHES)

L 1 I L 1. l 1 _J

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(METERS)

O) (C) COMBUSTORWALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 108. (U)

SYM. RUN NO. COMBUSTOR INJECTOR ER _c

[] 110-28 D a 0.83 0.74
O 110-33 D a 0.52 0.84
Z_ 110-37 D a COLD POINT

0.10

Pw 0.06 _

Pta _0.04 _._._'_

0.02! _

0 i i L i i I I
0 4 8 12 16 20 24 28

DISTANCE FROM FUEL INJECTOR (INCHES)

L.... £_____ i J- - 1 1 J

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(METERS)

p) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 110. (U)
Fig. A-1 (cont'd)
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SYM. RUN NO. COMBUSTOR INJECTOR ER r_c

I"1 0.79 0.61
0 0.50 0.75
Z_ COLD POINT

0.08

ew 0.06

Pta 0.04

0.02

0

112-26 E d
112-31 E d
112-35 E d

0.10 i _ _ , , _

l i | 1 1 I L I

0 4 8 12 16 20 24 28 32

DISTANCE FROM FUEL INJECTOR, (INCHES)

t._ I 1 • J 1 1 J I

0 0.! 0.2 0.3 0.4 0.6 0.6 0.7 0.8

(METERS)

36

1

0.9

q) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 112. (U)

SYM. RUN NO. COMBUSTOR INJECTOR ER r/c

[] 0.78 0.85
0 0.50 0.94
ZI COLD POINT

Pw 0.08

Pts 0.06

0.04

0.02

0

114-15 E a
114-20 E a
114-24 E a

0.14 "_ , i , , F , , ,

0.12 -

0.10

-o ______,_
, , 1, I I i I i I I

0 4 8 12 16 20 24 28 32

DISTANCE FROM FUEL INJECTOR (INCHES)

_____1 I I I I t 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(METE RS)

36

J

0.9

r) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 114. (U)
Fig. A-1 (cont'd)
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SYM.

O
[]
z_

Pw

Pt a

RUN NO. COMBUSTOR INJECTOR ER

116-16

116-21

116-24

0.14 ] _ t /
0.12 I

0.10 _ /

0.08 _- I

,/
0.06 f ,

//
O.O2- _,_ _

0
-12

F a 0.78

F a 0.49

F a CO LD P(

-0.3 -0.2 _ -0.1

_c

0.81

0.92

)INT

1 I I I I r

-8 -4 0 4 8 12 16 20 24 28

DISTANCE FROM FUEL INJECTOR (INCHES)

I I I [ I ] 1 I _ .....

0 0.1 0.2 0.3 0,4 0.5 0.6 0.7

(METE RS)

s) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 116. (U)

SYM. RUN NO. COMBUSTOR INJECTOR ER _1c

[3 119-68 F b 0.80 0.71

0 119-62 F b 0.51 0_8

Z_ 119-67 F b COLD POINT

0.06 ' ' ' ' ' ' _ '

0.05

0.04

Pw 0.03

Pt a

0.02

0.01 _

0 I I I I I I I L

-8 --4 0 4 8 12 16 20 24 28 32

DISTANCE FROM FUEL INJECTOR (INCHES)

I t I _ J I I =_ I I I I

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(METERS)

t) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 119. (U)

Fig. A-1 (cont'd) _
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SYM. RUN NO. COMBUSTOR INJECTOR ER _c

[] 121-55 G b 0.93 0.69

O 121-58 G b 0.69 0_]7

ZI 121-63 G b COLD POI NT

0.06 I I i I l I

0.05

0.04

Pw
-- 0.03

Ptl

0.02

0.01

0
-8 -4 0 4 8 12 "16 20 24 28 32

DISTANCE FROM FUEL INJECTOR (INCHES}

L__ 1 _ _ J--_2_--- _____.L.---___± ..... J...... J [ L

-0.21-0.1 0 0.1 0.2 0.3 0A 0.5 0.6 0.7 0.8

(METERS)

u) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 121. (U)

SYM. RUN NO. COMBUSTOR INJECTOR ER rlc

[]
o
Zl

123-3 H b 0.70 0.68

123-5 H b 0.50 0.73

123-7 H b COLD POINT

0,06 i

0.05

0.04

Pw 0.03

Pt a

0.02

0.01

I

0-8 -4 0
i I I I

4 8 12 16

DISTANCE FROM FUEL INJECTOR (INCHES)

_ t , _. I. I I-0.1 0 1 02 0.3 0A

(METERS)

v) (C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 123. (U)

Fig. A-1 (cont'd)
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SYM. RUN NO. COMBUSTOR INJECTOR

17 127_o4 I b

O 127-68 I b

Z_ 127-72 1 b

ER _c

0.94 0.73

0.77 0.72

COLD POINT

0.06

0.05

o.o4!

Pw 0.03

Pt a

0.02

0.01

0
-8 -4 0

J I I

4 8 12 16

DISTANCE FROM FUEL INJECTOR (INCHES)

i. I I L .L ,[ L--(3 2 i --0.1 0 0.1 0.2 0.3 0.4

(METERS)

w)'(C) COMBUSTOR WALL STATIC PRESSURE DISTRIBUTIONS FOR RUN 127. (U)

Fig. A-1 (concluded) •
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I.*t./J._l JL"JLJLJ_J_I J. JL£1_ I ,

a) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER Tic

83-1 A a 0.65 0.85

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

i 1.C

_,o _
u _ 2.C

20 _ 3.(;

22.8 3.5_
0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

b) ! (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER T/c

84-1 A a 0.92 0.80

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

_-- _ loi , , x '
- 2J N

- 1.1_ NO )_ 10 "',_..._ ._

%'°_N IPo_"I "(o\,

_N II/ I _...'--
t ,= 3o_. I ,l.k.

20 ..oL_ . i COMBUSTORNAL_
22.8 _.o_w_ ........ J._-,,,_..,.J.......... ._...... ....; ......... _ .........

0 0.2 0.4 0.6 0JB 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3

72



'20 -

22.8

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER /lc

84-2 A a 0.57 0.92

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

o v-= ;10- _ • NOX10

< I Io
_12.ot )
¢n ST •
2
o

3.53 I=_._J_*__
0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION, ER

c)_(C)

d); (C)

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER l"tc

87-1 A a 1.02 0.66

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

, l..Xoj,, ,\.
1.01 _ _ 2

10
i O X 10

&'_Eu 2.0- !

'1!co /!.120 - 3.oi MBUSTOR
; ;WALL / )|22.8 - 3.53 _ ......... _ ...... _'._

0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION

I I I t I

0 0.5 1.0 1.5 2.0

ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig A-3 (cont'd)

"/3
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e) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 17c

89-1 B a 0.59 0.82

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

t!.2

z
10- =

20-

:,,3.30

8 i ) i N2 ,
2 /
i

o+\ I
l

L /\-,l
3.OR. L r,_

I¥ i ; _._
=_ I',, NOX10 _._.
,o_ i _-----..

I II ] tt

I/i i COMBUSTOR _ WALL

0 0.2 0.4 0.6 0.8 1.0 1.2

I0"IX, MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

f)I(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER I_c
98-27 D d 0.79 0.65

10 -r

r

V

20

23.3

_Ti " t) , ,

.H= !o= I %I
• • NOX10

orktl
r ..i \2.0

,,.o_ I'--<_______
t' i COMBUSTOR WALL _ - "

361 i i I _ L _ I '_
0 0.2 0.4 0.6 rO_ 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE• (U)

(C) Fig. A-3 (cont'd)
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g) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 'Qc

98-31 D d 0.50 0.84

1.0 _
uJ

10 <_ ,

u _ 2.0'

20 _< 3.0

23.3 - 3.61
0

O _'H_ I ' ' N'_ '

•" , IC?MBUSTORWALL,,,
0.2 0.4 0.6 0.8 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

h) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER r/c

100-17 C d 0.84 0.64

2 '0 _ N2

= l Op,\,l ! t

1o- _ _J

_ r

20- _ 3.0
O

1 /_'. \ WALL \
24.1 3.74i__ '.%_=L ....... [ ..... %--

0 0.2 0.4 0.6 0.8 1.0 1.2

MOLE FRACTION

0 0.5 1 0 1.5 2.0 2 5 3.0

ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (eont'd)

f_r_l'r'em'v'e'_'f=1"i't'e"¢11'A T '75



,,,_.ILT _ .T-_*it_-m.T
•v_ ........ _ J..LL.LJ

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER Tic

100-21 C d 0.53 0.71

i)l(C)

¢- c_

_Z 1.0,

a

10- _

2.0

Q

___ 3.0,

30-
24,1 - 3.74.

O

t 02 N2

\ / _, C°M_e_u_ST°R'

0.2 0.4 0.6 O.B 1.0 1.2

MOLE FRACTION

--- L ___L ..... I I l__J

0.5 1.0 1.5 2.0 2.5 3.0

ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER Tic

102-17 C d 0.83 0.55

J):(c)

_ to=t
1.0

L/ _
,o N,

24.1 3.74 WALL ....

0 0.2 0.4 0.6 0.8 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)
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GAS SAMPLE DATA

RUN NO. COMB. INJ. ER _c

102-21 C d 0.52 0.72

k)l(C)

o'10 _ X 10

20 l= 2 : COMBUSTOR "-

24.1 3.74_

0 0.2 0.4 0.6 0.8 1.0
MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE. (U)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER Tic

104-38 C d 0.53 0.39

• t)j(c)

_ loi __1.0

_'° _ ad i"°x'° i/

\ \ "-._ J/ COMBUSTOR WALL

24.1 3.74__'_r.o0 0.8

MOLE FRACTION

I I __J__ .... I I

0 0.5 1.0 1.5 2.0
ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)

. -- _j_l/'_,'k'rl--IT _ ......
.L./.I-I ,L I J. ,L¢_ ,*..i 77
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m)1(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 'qc

106-18 D d 0.81 0.52

K"
E

10-

20!-

23.3 i -

[ o2
z

1.0

<

2.0

O
< 3.0
OC

3.61 USTOR

'0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION

t 1 L J__J

0 0.5 1.0 1.5 2.0

ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE. (U)

WALL

n)(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER tic

108-29 D a 0.80 0.72

10
R"

20

23.3 L

OPEN SYMBOLS -- ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

'_- " t

1.01 2 1: N

!

2.oli/ ox,o\1
\4-

3"°1II lCOMSUSTORWALL _
3.611_..__ ,._,.,-ZZdT_ZZT.,zzz_._. z_

0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)
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o)_(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER t'ac

110-28 D a 0.83 0.74

_F

ee20

23.3

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

N.

1.0t

NO X 10 "_ _R2.0

H2 "_

3.0 COMBUSTOR )

0 0 2 0.4 0.6 0.8

MOLE FRACTION, ER

1.0

RADIAL VARIATION OF SPECIEMOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE. (U)

p) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER Tic

110-33 D a 0.52 0.84

(__-

R" 10

20

23.3

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

_[ io=.,' '
_ 1.0

8

.oo
0 0.2 0.4 0.6 0.8

MOLE FRACTION, ER

1.0

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)
(C) Fig. A-3 (cont'd)
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•vv_. _

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER /'/c

112-26 d 0.79E 0.61

10 _

O 2.0 -
I

2 tINO×lO \I
20 _ P

"" "_" COMBUSTOR%. ) I]
24.1L / _'" WALL _ _ " _j

3.7_ _l_ _ _ _..__-__
0 0.2 0.4 0.6 - U.U 1 .U

MOLE FRACTION, ER

q),(C) RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

r)i(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 1"/c

112-31 E d 0.50 0.75

E

z

10 _
n"
<:

20 L

24.1

_--,t-L e'\ ' 'S

,.o j\
, 0 2 ,, _

2.0 NO X 10i _ 'I

3.0, ,"< _ COMBUSTO /
rr , W^LL . , ,,

• p,_ •

3.74_.__%%_i_0 0.2 0.4 0.6 0.8
MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)

8O ,_,....v _ T 1"If IP_ ,=.1 Jl. Jl_.
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--- _- ,_ _.LJJL.J,Lq .4. """

s) (c)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 'tic

114-15 E a 0.78 0.85

OPEN SYMBOLS ---"ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

Z
-: 1.0
r,
uJ

_10- rr

2.0
Q
<

20- n.-

24.1 -

I I I

H 2 N2

a

11
9

NOX10

ER

J

3.0

3.74

0

    OMBOSTOR WALL
0.2 0.4 0.6 0.8 1.0

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

t)!(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 'r/c

114-20 E a 0.50 0.94

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

10-_ 1.0

_ 3.74[_..__ ........... I ...... / ...... _WAL. L _

o 02 04 o.e o s

MOLE FRACTION, ER

1.0

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)
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-- 10
{N

E

GAS SAMPLE DATA

RUN NO: COMB. INJ. ER /?c

116-16 F a 0.78 0.81

2O

24.1

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

_2.0 NO X 10

P-H2
_=

rr _COMBUSTOR.

WALL_374.......•....... ........
0.2 0.4 0.6 1.0

MOLE FRACTION, ER

u)I(C) RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE. (U)

v)(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER r/c

116-21 F a 0.49 0.92

OPEN SYMBOLS - ALIGNED WITH PORTS

SOLID SYMBOLS - BETWEEN PORTS

1.0

_E_10 '
;2°t | /'l _ t

20 ;13.0
M

24.1 3.74 ................

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)
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..._.._..L_/,_ ,t, T .Ir-rT .......
_._ _ ._,.LJ.JJ._.L_i J, ll't I *

w) (C)

GAS SAMPLE DATA

RUN NO. COMB. IN J. ER 'r/c

119-68 F b 0.80 0.70

_,10-
¢N

20-

24,1 -

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

_, 02z

_.74_c&M_g_s_?_L__
0 0.2 0.4 0,6 0.8 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

x) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 'tic

119-62 F b 0.51 0.89

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

) '",\

,o
- _i Ix-_/,ox,o\ _i

_.o_?i \ o1._
2°I " lil t COMBUSTOR I illIII ! WALL i i/

24.1 3.74 _,w4-_ _z_,=_x_t_lx, ux,-2_lxx _1
0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)

mnlm'J_ i1_¢.d1 JLJJJ.;J_L_I .L
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v) (C)

z)_(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER 'T/c

121-55 G b 0.93 0.68

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

x/°: ! N:_t
_,o_ _---/_ \

,o-_ lY, ._o×,o_.J
it II t'_ / / \

- _ I1\ I / ,
_3.o1-1o\. / ./o

20 .. li i ,'COMBUSTO_/ /
I' ,. : WALL ; i

24.2 3.75 _,_;'_._,3..,,b_,_..........x.......J,,,J...........,L.I........
0 0.2 0.4 0.6 0.8 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER /'/c

121-58 G b 0.76 0.77

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

- tt
10 _10

  ox,o \
a " II\H_ / \ / /
,,', II %= ; V/

° ik43.0
20 ¢_ OMBUSTOR

24.237__w_
0 0.2 0.4 0,6 0.8 1.0

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)"

(C) Fig. A-3 (cont'd)
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aa)_(C)

GAS SAMPLE DATA

RUN NO. C_)MB. INJ. ER Tic

123-3 H b 0.70 0.70

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

I° \
- n- = COMBUSTOR WALL

0 0.2 0.4 0.6 0.8 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIEMOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE. (U)

bb)'(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER Tic

123-5 H b 0.56 0.74

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

i,_ .
,,, 1.o_ -I P'---_ /o -

in" _H I I _ !

_ _o,g I_"J.;NOX,O _.1

:__2.0
i_ I I \ COMBUSTOR WALL _ '\-

17.4 - rr! 2.69 , , .,,-A_-_77_

0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIEMOLE FRACTION AND DEDUCED
ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)

- ,.,,_t.,t.,xt,nTAT ,- 85



cc)(C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER _c
127-64 I b 0.94 0.73

OPEN SYMBOLS -- BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

- _ I I Ik?o,l ",\
= l- "'_)_ :NO X 10 \

¢n 2.01- -; \ / -

. ¢.2.69,1b. _lbH.,._,,T.e-_.,_._,_p_z_b_,_.,,_,._
0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION

L _ l L J

0 0.5 1.0 1.5 2.0
ER

WALL

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

dd) ', (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER /'/c
127-68 t b 0.77 0.72

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

?
_ ,oL X /NOX,O --

_ lo a • "\.,.o}'\J ,, /
-" II V COMBUSTOR "X./

17.4-¢_ f2.69 _ LL -/_'_....
0 0.2 0.4 0.6 0.8

MOLE FRACTION

0 0.B 1.0 1.5
ER

!

2,0

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (cont'd)
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ee) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER /lc

129- 121-334 I b 0.81 0.65

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS - ALIGNED WITH PORTS

T'-./. /NOX,O \

_'°-_2.o1-1- : i • /

II \ / \ IOOMBOSTO"W_"
17.4- _:2.69___:__Ag. -_

0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION

I I _ £ ...... I I

0 0.5 1.0 1.5 2.0
ER _

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

ff) (C)

GAS SAMPLE DATA

RUN NO. COMB. INJ. ER /7c

129- 350-593 I b 0.64 0.67

OPEN SYMBOLS - BETWEEN PORTS

SOLID SYMBOLS -- ALIGNED WITH PORTS

:!_ No'×,o'
_ _,/ ..T--_. _ \,
=,.%,'-_ \ -'-_o\

_!_ I,A / _'\/
_ to _ II-\ -_ _7',,

2.otf \H. i I \
II _2 /COMBUSTOR / \

0 0.2 0.4 0.6 0.8 1.0 1.2

MOLE FRACTION, ER

RADIAL VARIATION OF SPECIE MOLE FRACTION AND DEDUCED

ER IN COMBUSTOR EXIT PLANE. (U)

(C) Fig. A-3 (concluded)
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